We have applied T4 ligase-mediated DNA cyclization kinetics to protein-induced bending in DNA. The presence and direction of a static bend can be inferred from J factors for cyclization of 150-to 160-base-pair minicircles, which include a catabolite activator protein binding site phased against a sequence-directed bend. We demonstrate a quasithermodynamic linkage between cyclization and protein binding; we find that properly phased DNAs bind catabolite activator protein ==200-fold more tightly as circles than as linear molecules. The results unambiguously distinguish DNA bends from isotropically flexible sites and can explain cooperative binding by proteins that need not contact each other.
Protein-induced DNA bending may be important in transcriptional regulation, control of replication and recombination, and DNA packaging into nucleosomes (1) . Bending is likely to act by facilitating protein-protein or protein-DNA contacts. For example, integration host factor affects loop formation in recombination and transcriptional regulation (2) (3) (4) (5) , and catabolite activator protein (CAP) may activate transcription partially by stabilizing contacts between RNA polymerase and upstream DNA (6) (7) (8) . The replacement of protein-induced bends by properly positioned sequence-directed bends or bends from unrelated proteins (2, 9, 10) shows that bending alone can suffice for function in some cases. Bending effects are generally sensitive to the helical phasing between the bending locus and the other DNA sites.
DNA bending by proteins has been studied by x-ray crystallography (8, 11) and gel electrophoresis methods. Circular permutation of the binding site within a DNA fragment (12) and phasing of the binding site against a sequence-directed bend (13) (14) (15) can reliably indicate bend location and direction. However, estimates for bend magnitudes have relied on empirical comparisons of gel mobility among different bends (16, 17) . Estimates for the CAPinduced bend angle range from 90°from the cocrystal structure (8) to 1400 from some comparative electrophoresis measurements (16) ; our value is 1000 (17) . DNA ring closure, or cyclization, allows the study of DNA bending in solution (18) . Cyclization efficiency is measured by the J factor, the effective concentration of one properly aligned end of a DNA molecule about the other. J is defined as Kc/Ka, the ratio of the equilibrium constants for unimolecular cyclization (Kc) and bimolecular association (Ka) (19) . It can also be obtained from the kinetics of T4 DNA ligasecatalyzed covalent ring closure: J = kl/k2, where k, and k2 are the rate constants for cyclization and bimolecular ligation, respectively (20) . Measurements of J have been used to calculate the persistence length and torsional modulus of DNA and also intrinsic bend angles in curved DNA (21) (22) (23) (24) .
Rates or product distributions of ligase-catalyzed cyclization are affected by the binding of CAP (25, 26) , HU (27) , and cro repressor (28) . In this paper, we show quantitatively that Reactions were initiated by the addition of 7.5 ,ul of diluted ligase for a final volume of 75 ,ul, and eight 8-pl time points over 15-30 min were quenched by addition to 4 pl of 75 mM EDTA, proteinase K at 2 mg/ml, 15% glycerol, and dyes. Stopped reactions were heated to 55°C for 15 min and analyzed on 5-8% native gels (40:1, acrylamide/N,N'-methylenebisacrylamide, TBE, 0.8 mm thick, 20 cm long, run at 2.5 V/cm). Dried gels were quantified with a Betagen blot analyzer and autoradiographed.
Gel Retardation Competition. Circular DNAs were prepared from linear DNA of known specific activity under time course conditions (except at 3000 units of ligase per ml), phenol extracted, and gel purified; yields were >90%o. Lightly labeled competitor DNA was either a linear construct DNA or the CAP site DNA with EcoRI ends used in minicircle construction, which gave identical results; the CAP site sequence in all circular and linear molecules was the same. Competitor concentrations were measured by UV absorbance and scintillation counting.
CAP and competitor DNA were incubated in ligase reaction buffer at 21°C for 30 min before the addition of circular DNA, and the mixtures were equilibrated overnight before analysis on 8% native gels (40:1, acrylamide/N,N'-methylenebisacrylamide, TBE, 0.8 mm thick, 100 ,uM cAMP, with cAMP to 20 ,uM added to the upper buffer every 2 hr). Gels were run for 12-15 hr at about 35°C, as elevated temperature improved resolution. CAP reduces the mobility of circular DNA only 1-5%. Gels were processed as above.
RESULTS
In applying cyclization kinetics to protein-induced DNA bends, we have measured J factors for members of a set of DNAs containing CAP-induced bends and A-tract multimer bends. Our constructs ( Fig. 1 ) illustrate design considerations for DNA minicircles useful in studying protein-directed bends (18) . Since liT15 and 11A17 by using primers 2 and 1A (5'-GCAGATATCGAT-TCCATGGAACGCAATTAA), and 9T15 and 9A17 were similarly prepared by using primers 2 and 1B (5'-GCAGATATCGATTC-CATGGCAACGCAATTAA) (4 mM MgC2, with 4 cycles of 1 min at 94°C, 1 min at 37°C, 1 min to 55°C, and 2 min at 55°C preceding amplification as in the text).
as possible. Sequence-directed bends reduce the minimum length of DNA needed and allow the determination of the protein-induced bend direction; two sets of phasing adaptor DNA segments allow independent variation of the bend phasing and the total length. The two-base Cla I overhang minimizes Ka, the equilibrium constant for bimolecular association; this extends the range of accessible J factors (18, 24) .
In-phase protein-induced and sequence-directed bends are expected to form the DNA into a C or paperclip shape, thereby reducing the average distance between the DNA ends, aligning them properly, and accelerating cyclization. Out-of-phase bends will form the DNA into an S shape, which represses cyclization. In this length range, cyclization also depends strongly on overall length, because the DNA ends must be torsionally aligned (21) .
Cydization Kinetics. The cyclization and bimolecular ligation of equal length constructs 11A17 and 17A11 (see the legend to Fig. 1 for nomenclature) illustrate the spectrum of ligation behavior with and without CAP (Fig. 2) To calculate J = k1/k2 when cyclization is rapid, k2 must be estimated from control reactions. The average ratio [k2/(k1 for 105-mer)] for several slowly cyclizing molecules is 7.0 x 106 M-1 in the absence of CAP (data not shown), allowing us to calculate an unknown k2 (in the absence of CAP) from the observed 105-mer k1. CAP at 12-24 nM consistently gives k2 (in the presence of CAP) 0.65 x k2 (in the absence of CAP), and kI (in the absence or presence of CAP) is standardized to the 105-mer k1. This bimolecular calibration is our major source of experimental error. Others have addressed the problem by adjusting the DNA concentration so that the bimolecular reaction is always observable (30) , but this is impossible for our rapidly cyclizing molecules: it would require DNA, CAP, and ligase concentrations up to 1000 times those used here, leading to nonspecific protein binding or aggregation and changes in solution conditions. Effect of CAP onJ factors. The results in Table 1 show that J has the expected dependence on phasing between sequence-directed and protein-induced bends. When the two bends are in phase, CAP binding can increase J up to 120-fold, whereas when the bends are out of phase, CAP can decrease J at least 10-fold. A parallel but much weaker effect in the absence of CAP confirms that CAP site DNA is intrinsically slightly bent (32) . We expected that slight unwinding induced by CAP (33) would prefer cyclization of molecules overwound relative to the optimum length. This trend is observed for the 8A17/9A17/11A17 set, where the cyclization of 11A17 is more strongly enhanced by CAP, but the effect is not seen for the 8T15/9T15/11T15 series, nor is it observed in the binding experiments below. The discrepancy may be due to alterations in twist imposed by the requirement that the two bends be nearly coplanar for cyclization.
These results confirm that cyclization kinetics can indicate the presence of DNA bending (25) (26) (27) . In addition, phasing the CAP binding site against a known bend allows determination of the bend direction and demonstrates the existence of a static bend as opposed to a region of exceptional flexibility (14) . Cyclization reactions are done entirely in solution, they do not require gel-stable complexes, and the measured J factors span 5 orders of magnitude.
Thermodynamic Linkage Between Cyclization and Binding. The marked effect of CAP binding on DNA cyclization, which reflects an effect on the energetics of DNA conformation, must be accompanied by a corresponding effect of conformation (i.e., cyclization) on CAP binding. In other words, if a protein enhances cyclization of a DNA molecule, it should also bind more tightly to the circular product than to the linear reactant. This concept is illustrated in the quasi-thermodynamic cycle of Fig. 3 , in which it is assumed that the rate constant for ligation is proportional to the equilibrium constant Kc for transient cyclization (20) . We see that the ratio of binding constants of CAP to circular and linear DNA should be the same as the ratio of J factors for cyclization of DNA with and without CAP. This effect is analogous to the improved binding of unwinding ligands to supercoiled DNA (34) . Fig. 1 for DNA nomenclature. The helical repeat of B-DNA is estimated to be 10.45 bp per turn, from the dependence of J on total DNA length for cyclizations of in-phase constructs in the absence of CAP, assuming 10.33 bp per turn for A tracts (31) . Phasing specifies the distance (in bp) from the center of the CAP bend to the center of the first A tract. An integral number represents in-phase bends. No correction is made for possible unwinding by CAP. When CAP was present, the active CAP concentration was 12 nM. ND, not done; C, circular; L, linear. *Relative binding constants in this case were estimated from the half-saturation points in a protein titration (data not shown).
The proposed relationship between cyclization and binding was tested by using gel retardation competition, in which limiting CAP partitions between circular DNA and linear competitor DNA. In the experiment of Fig. 4 and Table 1 , six DNA circles were analyzed using the same CAP and competitor solutions. The data were fit to the equation below, which is derived from the equilibrium expressions for protein binding to the two DNAs assuming that a small fraction of competitor DNA is bound: [1] where where klig is the rate constant (per ligase units/ml) for covalent joining of associated ends (20) . The (1992) mirrored by the effect of cyclization on protein binding: CAP binds -200-fold more tightly to a binding site in a properly phased minicircle than to the same site in linear DNA. The cyclization assay can be used qualitatively to determine the direction of an unknown bend, even if a gel-stable complex is not formed. Verification of T4 Ligase-Mediated Cyclization Measurements. Agreement among the relative binding constants for CAP binding to linear vs. circular DNA predicted from ligation kinetics and those measured by direct binding is excellent, though our data suggest that molecules that are closer to optimum torsional alignment bind CAP slightly better (as circles) than expected from cyclization. The discrepancy could be due to ligation of slightly misaligned DNAs, but it is clear that the ligation kinetics method is not prey to any large errors due to joining of dramatically distorted DNA backbones. (Incorrect ligation may affect bimolecular ligations at the much higher ligase concentrations often used in cloning.) This verification of ligase fidelity by an independent technique also inspires confidence in Monte Carlo simulations of cyclization, which assume that DNA can be ligated only if the ends are perfectly aligned.
Applications of Constrained Binding Sites. Enhanced binding of CAP to a binding site constrained in a circle has practical implications: by providing a DNA binding site already in an optimal conformation, it may be possible to isolate unstable protein-DNA complexes or to select a particular complex from a mixture. Exonuclease resistance allows cyclization to be used to select DNA circles with optimum binding conformations.
Sequence-directed bends in these minicircles enhance binding and selectivity. The rotational preorganization of the binding site may contribute substantially to binding free energy: since the A tracts in our constructs presumably set the rotational phasing of the DNA, defining an inside and an outside of the circle (35) , CAP binding does not incur the entropy cost of restricting the rotation of DNA about its helix axis. The A-tract bend also reduces the minicircle size; it introduces more curvature into the binding site upon cyclization.
Relevance to Looping and Cooperativity. Transcriptional activation at a distance is probably mediated by looping ofthe intervening DNA (36) . Since the thermodynamic linkage discussed above applies to any means of constraining DNA ends, our results provide further support for bending as a plausible mechanism for phasing-dependent control of looping or for the influence of looping on the binding of distant bending proteins. The resulting cooperativity or anticooperativity between proteins does not depend on direct proteinprotein interaction or on their binding to neighboring DNA sites. Experimental examples include the phasing-dependent disruption of the araC repression loop by CAP binding (37) , the enhancement or repression of looping-mediated transcriptional activation upon integration host factor binding between J54 promoter sites and enhancer sites occupied by NIFA or ntrC (4, 5) , and the regulation of A phage excision by a set of proteins that can switch the DNA from one looped conformation to another (38) . DNA cyclization has been used to detect looping mediated by the plasmid R6K replication initiator protein (39) . Finally, we note that upstream RNA polymerase DNA contacts (6) (7) (8) would require bending the CAP binding site, leading to cooperative binding of CAP and polymerase. The -200-fold effect we observe for prebending the DNA is sufficient to explain the magnitude of CAPinduced gene activation.
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